This paper presents a simple method for on-line wear state monitoring and tool replacement decision-making using spindle motor and feed motor current signals in drilling. In the paper, the effects of tool wear as well as cutting parameters on the cutting current signals are analyzed. The models on the relationship between the current signals and the cutting parameters are established under different tool wear states with a partial experimental design and regression analysis. Finally, a fuzzy classification method is used to classify the tool wear states so as to facilitate defective tool replacement at the proper time. The validity and reliability of the method are verified by experimental results. q 1999 Elsevier Science S.A. All rights reserved.
Introduction
On-line tool wear monitoring and tool replacement at the proper time are important techniques to be developed to realize a fully automated manufacturing system, as it is necessary to prevent damage of cutting tools, machine tools and workpieces. Many researchers have looked for variable ways to detect tool wear, but a highly general and reliable on-line tool wear measurement technique has to be developed. A large variety of sensors can be used for tool w x condition sensing 1 . Direct measurement of tool wear using optical methods can only be applied while the tool is w x not in contact with the workpiece 2 . Indirect methods that rely on the relationship between tool wear and measurable Ž signals such as force, acoustic emission, vibration, cur-. rent, etc. to estimate the tool wear have also been extensively studied. Among the used sensors for monitoring tool condition, motor current sensing constitutes a major w x method. Mannan et al. 3 described the feasibility of motor power and motor current sensing for adaptive conw x trol and tool condition monitoring. Mannan and Nilsson 4 presented a method using motor current measured from the spindle motor and feed motor to estimate the static torque and thrust in drilling, and then to monitor the tool condition. The major advantage of using the measurement of motor current to detect any malfunction in the cutting process is that the measuring apparatus does not disturb the machining process. Moreover, it can be applied in the w x manufacturing environment at almost no extra cost 5 .
Most of the indirect approaches have been developed for fixed cutting conditions. In practical applications, however, the cutting conditions are not fixed. The spindle and feed speed might change according to control strategies Že.g., reducing the feed before approaching corner points to . avoid over cut . Therefore, a wear estimation strategy that operates under varying cutting conditions is much-needed w x 6 .
In this paper, the currents of the spindle and feed motors are used to estimate the drill wear state. The currents depend on the cutting parameters: the cutting speed Õ, the feed rate f, drill diameter d, as well as on its wear w. This paper introduces a new method for on-line estimation of drill wear from the currents measured using a regression technology and a fuzzy classification method over a wide range of cutting condition. The essence of the method is to establish a simple model relating the measured current value and the drill wear state under different cutting conditions. Based on the model, the tool wear states can then be estimated from the knowledge of the cutting parameters and the motor current signals. When the 
Effects of cutting parameters and tool wear on the current signals
In order to establish the model of current signals as a function of the cutting parameters and tool wear, the effects of cutting parameters and tool wear on the current signals are first examined. A series of experiments carried out over a range of cutting conditions are presented. Fig. 1 shows a schematic diagram of the experimental set-up. Cutting tests were performed on a Machining Center Ž . Makino-FNC74-A20. The four axes spindle, X, Y, and Z of the machine are directly driven by permanent magnet synchronous AC servomotors. The AC servomotor current signals of the Machine Center were measured with Hall current sensors. The signals were first passed through Ž . low-pass filters cutoff frequency: 500 Hz ; and then sent to a personal computer via an ArD converter. Table 1 shows the experimental cutting conditions. In these experi- ments, the flank wear is taken as a standard for evaluating drills wear condition. The tool wear mentioned in the rest of paper refers to the drill flank wear. The cutting parameters and the measured average current signals for each test are listed in Table 2 . The current signals are measured as the ArD converter output in Ž . millivolts mV .
It is generally observed that the current amplitude increases as the tool wear increases, associated with the friction between tool and workpiece. Fig. 2 shows the main effect of tool wear on the current signals. Both the spindle motor and feed motor current increase as tool wear increase, with an almost linear incremental relationship. It is found that the tool wear has more significant effects on the feed motor current than the spindle motor current. Fig. 3 shows the main effect of the drill diameter on the current signals. It is found that both current signals increase as the drill diameter increases, with almost linear or quadratic incremental relationship obtained. Fig. 4 shows the main effect of the spindle speed on the current signals. It is found that both current signals increase as the speed increases in the range of 0-6.0 mrmin, fluctuate in the range of 6-13.6 mrmin and decrease in the range of 13.6-20 mrmin. The reason for the that causes the change of current signal is complex, main influence fact is temperature, the effect of temperature is small at the low speed while the effect of temperature increase as speed increase. Based on above studies, it is seen that the tool wear, spindle speed, feed rate, drill diameter and current signals are related. The spindle motor current and feed motor current can be selected as functions of the drill wear states, taking into account the cutting parameters. Here, the drill wear is classified into three categories: 'small', 'normal' and 'severe', with the center values given by 0.2, 0.5 and 0.8 mm. Figs. 2-5 are used to illustrate the relative dependencies of the various parameters and variables only. They are not directly used numerically for establishing the models.
The models and test results

The models
In this paper, a regression analysis is used to determine the model for the spindle motor current and feed motor Ž . effect of the cutting variables Õ, f, and d on the current signals, for a sharp tool, is hence assumed to be reprew x sented by the following model 8 : where subscript i s 1, 2, 3 denotes the respective wear values. The actual models derived from the data shown in Table 2 where R 2 is the correlation coefficient obtained in the regression analysis. It is obvious that the correlation coefficients are very close to unity, and the relationship between the current signals and the cutting parameters is reasonably well represented by the proposed models for different tool wear states. 
Classification and results
In Section 3.1, the current signal models for the differ-Ž . ent wear states i.e., flank wear: 0.2, 0.5 and 0.8 mm are established. The models can then be used to estimate the tool wear state from measured current signals, and other cutting parameters.
Twelve additional tests were conducted to examine the feasibility of using these models to estimate the tool wear state. The drilling conditions and measured current signals for these additional tests are shown in Table 3 . Table 4 shows the comparison of the measured and Ž . Ž . Ž . estimated spindles current using Eqs. 4.a , 4.b and 4.c , respectively. Table 5 shows the comparison of the mea-Ž . sured and estimated feed motor current using Eqs. 5.a , Ž .
Ž . 
Ž . where m S is the membership function of S associated S 0 0 i with the i-th tool wear state. The same method may be used to deal with the case for the feed motor current. All the results are presented in Table 6 . Table 6 Classification results
Test Membership values
For spindle current, m For feed motor current, m relative influence of the classification result of the spindle motor current feature and the feed motor current feature, respectively. In the present system under consideration, according to above analysis, w s 0.4, w s 0.6, i.e., feed 1 2 motor current feature is more important than the spindle motor current feature. Examining these results the following conclusions can be made: the membership of the tool wear state estimated by using the above method is always very close to unity. This indicates that the method is accepted. It is shown that the flank wear state can be more accurately estimated by using the feed motor current model than by using the spindle motor current model. In other words, the feed current signal is more sensitive than the spindle motor Fig. 6 . A flowchart of the tool wear states recognition method. current signal to wear states. The flowchart of the tool wear states recognition method is given in Fig. 6. 
Cutting parameter measurement and tool replacement control
Cutting parameter measurement
The control of tool replacement requires the recognition of the tool wear state, which is dependent on the cutting condition which may change according to the control strategies. The synchronous motor current is alternating with a frequency is proportional to the cutting speed, as shown in Fig. 7 Therefore, the spindle motor and feed motor speed can be readily measured in real time by measuring the frew x quency of the respective current signal 9 .
Tool replacement control
One of the main objectives of detecting the tool wear state is to obtain a basis for replacing tools. During Fig. 7 . The relationship between current signal frequency and speed.
( )practical applications, we are interested only in noticeable changes of the tool wear states. According to the estimated tool wear state, we are able to decide if the tool should be replaced. The above method gives the tool wear state on-line according to previously collected data and test results. For the drilling operation, monitoring can be conducted by calculating the membership grade of the current observation. The tool replacement decision is made when the grade of wear in the current observation exceeds a certain threshold, say 0.8.
For the present study, the rule for replacement is suggested as follows:
If the grade of membership m for the spindle motor wear is severe and tool should be replaced.
Conclusion
Ž .
1 The effects of tool wear and cutting parameters on the spindle motor and feed motor current are analyzed. The models regarding the relationship between the current signals and the cutting parameters for different tool wear Ž . states i.e., wear 0.2, 0.5, 0.8 mm are established through experimental study and regression analysis.
Ž .
2 The membership function concept has been successfully used to calculate the grade of membership for given wear states and applied to the monitoring of the drill wear state whose classification is fuzzy.
3 The grade of membership associated with the relevant flank wear states is always very close to unity based on the established models. This indicates that the method is acceptable. It is found that the flank wear state can be more accurately estimated by using the feed motor current model than by using the spindle motor current model.
Ž . 4 The control of tool replacement requires the recognition of the tool wear state associated with the cutting parameter including the spindle speed and feed rate, which may change according to the control strategies. The paper suggests a convenient means to obtain the speeds in real time.
Ž . Ž 5 The use of the grades of membership m and m S F 3 3 . in the paper for the wear state provides a scientific basic for controlling the tool replacement. The method is applicable to the choice of any desired threshold of wear according to the quality standard adopted.
